Repair and remodeling processes initiated by arterial injury are thought to be critical in the pathogenesis of important vascular disorders. However, how these processes are related to specific types of injury is not well defined. Consequently, we compared arterial responses to several types of injury. Segments of rabbit carotid arteries were injured by Intraluminal passage of an inflated embolectomy catheter, by hyperdistending the arteries with sterile saline, or by flushing them briefly with Triton X-100. Ballooning and Triton treatment removed the endothelium while imposing hyperdistending or nonhyperdistending injury on the vessel media. Hyperdistension with sterile saline caused medial injury but only transient and focal endothelial denudation. All modes of injury caused medial damage that was repaired within 2-7 days as assessed by vessel wall DNA content and synthesis and by capacity to contract In addition, ballooned arteries recovered their capacity to exhibit diameter reductions induced by decreased blood flow once the endothelium had regenerated. The two injuries that caused endothelial denudation, ballooning and Triton treatment, resulted in equal intimal thickening after 6 weeks despite lower short-and long-term rates of cell replication after Triton-induced Injury. Only ballooning resulted in chronic turnover of intimal smooth muscle cells after injury. No neointimal proliferation followed hyperdistension with saline despite significant medial injury. These latter findings suggest that even severe medial injury does not lead to intimal proliferation in the absence of endothelial denudation. 
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Repair and remodeling processes initiated by arterial injury are thought to be critical in the pathogenesis of important vascular disorders. However, how these processes are related to specific types of injury is not well defined. Consequently, we compared arterial responses to several types of injury. Segments of rabbit carotid arteries were injured by Intraluminal passage of an inflated embolectomy catheter, by hyperdistending the arteries with sterile saline, or by flushing them briefly with Triton X-100. Ballooning and Triton treatment removed the endothelium while imposing hyperdistending or nonhyperdistending injury on the vessel media. Hyperdistension with sterile saline caused medial injury but only transient and focal endothelial denudation. All modes of injury caused medial damage that was repaired within 2-7 days as assessed by vessel wall DNA content and synthesis and by capacity to contract In addition, ballooned arteries recovered their capacity to exhibit diameter reductions induced by decreased blood flow once the endothelium had regenerated. The two injuries that caused endothelial denudation, ballooning and Triton treatment, resulted in equal intimal thickening after 6 weeks despite lower short-and long-term rates of cell replication after Triton-induced Injury. Only ballooning resulted in chronic turnover of intimal smooth muscle cells after injury. No neointimal proliferation followed hyperdistension with saline despite significant medial injury. These latter findings suggest that even severe medial injury does not lead to intimal proliferation in the absence of endothelial denudation. E xperimental removal of arterial endothelium, most commonly performed with a balloon catheter, elicits both functional and structural alterations in the vessel wall. Functional changes occur because the endothelium plays an important role in the control of smooth muscle tone. Thus, numerous agonists (e.g., acetylcholine, ADP, substance P, and the calcium ionophore A23187) 1 or physiological stimuli (e.g., blood flow and anoxia) 2 -3 exert vasomotor effects through endothelium-derived relaxing factor or other modulators released by the endothelium. Structural responses primarily involve migration of medial smooth muscle cells to the intima and their proliferation and elaboration of matrix constituents.
Endothelial loss may cause intimal proliferation due to platelet activation and release of platelet-derived growth factor, through the loss of endothelium-derived growth inhibitors (e.g., heparin sulfate) 4 or through the secondary induction of growth factors produced by cells of the vessel media. 5 Finally, functional and structural responses to endothelial denudation are linked, as structural responses of arteries to chronically altered blood flow involve endothelium-dependent vasomotion followed by medial remodeling. 6 Initial experimental studies attributed the vasomotor and proliferative effects of experimental denudation of the endothelium to loss of the endothelial cells per se. However, more recent studies have demonstrated that both medial and intimal tissues are injured by ballooning. 7 Further work showed that denudation techniques that caused much less subendothelial trauma than did the balloon catheter did not initiate intimal proliferation, at least not within the time frame defined by balloon injury. 8 This finding suggested that medial injury due to the arterial hyperdistension created by the balloon contributed to the induction of subsequent proliferative responses. On the other hand, brief hyperdistension of arteries failed to elicit intimal thickening after 2 weeks, whereas intimal thickening was evident 4-7 days after ballooning. 9 These latter data may indicate that hyperdistension alone is not an adequate stimulus for intimal proliferation, that this injury produces a very slow intimal proliferation that is not detectable at 2 weeks, or that the distensions were sufficiently different from those produced by ballooning to yield different results (vessels were distended to a set pressure; they were not matched to distensions during balloon injury). The latter factor is important because the degree of distension during ballooning significantly influences subsequent intimal proliferation. current study, we employed techniques that would cause different types of injury to the vessel wall and examined the subsequent repair and restructuring of wall tissues. Particular attention was given to the role of hyperdistending injury, and we focused on the physiological as well as the structural recovery after injury.
Methods
Experiments were performed on 112 male New Zealand White rabbits weighing 3-4 kg. For surgeries, rabbits were anesthetized with an intramuscular injection of 0.25 ml xylazine (20 mg/ml) and 2.25 ml ketamine hydrochloride (100 mg/ml). Throughout the surgical procedures, anesthesia was maintained by a continuous intravenous infusion of the 1:9 (vol/vol) xylazine/ketamine mixture at a rate of 0.031 ml/min. All animals were cared for in accord with the guidelines of the Canadian Council on Animal Care.
Injury Models
Balloon catheter injury. The left common carotid artery and its downstream branches were exposed by an 8-cm midline cervical incision. A 2F Fogarty embolectomy balloon catheter was inserted retrogradely into the left facial artery and advanced to the proximal region of the left common carotid artery. The balloon catheter was inflated until modest resistance to catheter withdrawal was felt. The balloon catheter was withdrawn to the carotid bifurcation region, deflated, and then readvanced. While the balloon was inflated, the external diameter of the artery was measured by using a stereomicroscope with a graduated eyepiece. The procedure was repeated for a total of three times, and then the catheter was removed, the facial artery ligated, and the incision closed.
Injury using Triton X-100. This procedure, illustrated in Figure 1 , was designed to preferentially injure the intima without hyperdistending the media. The left carotid artery was exposed as described previously and cannulated retrogradely via the facial artery with PE 90 tubing. The tip of the catheter was advanced 1 cm into the common carotid artery and ligated in place. The common carotid artery was clamped about 4 cm upstream, and the origin of the thyroid artery was also clamped to completely isolate the 4-cm segment of carotid artery. A length of PE 10 tubing was advanced through the PE 90 catheter and into the carotid artery to the upstream clamp, and the isolated segment of artery was flushed of blood with sterile saline, which was vented via the larger catheter. The segment was then flushed for exactly 40 seconds with 2% Triton X-100 dissolved in physiological saline. The Triton perfusion was terminated by rapidly removing the PE 10 catheter and the upstream carotid clamp and allowing approximately 10 ml blood to vent into a beaker via the larger catheter. Care was taken when perfusing the carotid segment to avoid hyperdistending the vessel. The clamps on the thyroid artery and the common carotid catheter were removed, and the incision was closed. Previous studies have shown that the concentration and exposure time cited previously represent the minimum challenge that totally denudes the endothelium. 12 Arterial hyperdistension. A 4-cm segment of the left common carotid artery was isolated and cannulated as described previously. An infusion/withdrawal pump was used to inflate the segment with sterile saline via the facial arterial catheter until its external diameter matched the mean diameter recorded during ballooning. The infusate was then withdrawn and the inflation/ deflation cycle repeated for a total of three cycles to mimic the hyperdistending effects of balloon catheter injury. Pump infusion and withdrawal rates were set so that inflation and deflation took approximately 5 seconds each. The catheter and clamps were removed, and the incision was closed.
Tissue Examination Tissue preparation. One hour before euthanasia, each rabbit received an intravenous injection of 10 ml 0.2% Evans blue dye in Tyrode's solution to assess the prevailing extent of deendothelialization. Rabbits were killed by a 1.0-ml injection of T-61 (200 mg/ml Af-[2-(m-methoxphenyl)-2-ethylbutyl-(l)]--y-hydroxybutyramide and 50 mg/ml 4,4'-methylene-bis(cyclohexyltrimethylammonium iodide) and 5 mg/ml tetracaine hydrochloride). A thoracotomy and retrograde cannulation of the thoracic aorta were performed to perfuse the fixative (1% paraformaldehyde and 1% glutaraldehyde in phosphate buffer) under a perfusion pressure of 100 mm Hg. After perfusionfixation, the right and left common carotid arteries were quickly cleaned of excess adventitia, excised, and immersed in the same fixative for at least 24 hours.
Light microscopy and morphometry. Arterial segments excised from the injured region of the left carotid artery and from a corresponding region of the right carotid artery were processed for light microscopy. Histological cross sections were stained with hematoxylin and eosin and examined with a Nikon photomicroscope equipped with a JVC color video camera. The camera was connected to a TM-90CA video monitor and an IBM PC computer equipped with a video image analysis board (Video Van Gogh, Tecmar Inc., Cleveland, Ohio). The image was digitized, and luminal circumference, mean intimal thickness, and intimal cross-sectional area were computed. The mean of each variable was determined from three nonserial cross sections for each rabbit. For morphometry, six animals were examined at each time point for each of the three injury models.
Scanning electron microscopy. The status of the endothelium 1 hour after injury was examined by using scanning electron microscopy (SEM). Specimens of fixed tissue from four rabbits from each group (balloon catheter, Triton, hyperdistension, and control) were opened longitudinally, pinned flat on pieces of Teflon, and washed in distilled water for 30 minutes. Tissues were dehydrated in increasing concentrations of ethyl alcohol and dried by the critical-point method (Polaron E 3000 critical-point drier) using liquid carbon dioxide as the transition fluid. Dried tissue was mounted on aluminum stubs with quick-drying colloidal silver paste. Stubs were coated with gold-palladium in a sputter coater (ENTON Acuum, Inc., DESK-1), and the tissue was viewed with a JEOL JSM-840 SEM.
Vessel wall cell replication. Starting at 24 hours or 6 weeks after surgery, three to four rabbits from each group (seven from the 24-hour-Triton-treated group) were given three intravenous injections of pHJthymidine (1.67 mCi/injection) at 17, 9, and 1 hour before they were killed. The three-dose regimen labeled cells undergoing DNA synthesis within the last 24 hours before death, based on the assumption that cells spend 8 hours in the S phase of the cell cycle. 13 Animals were then killed with T-61 and perfusion-fixed; then the tissues were processed for light microscopic examination. Tissue cross sections mounted on slides were deparaffinized in xylene, air-dried overnight, then dipped in Kodak NTB-2 emulsion, and stored at 4°C in complete darkness for 1 week. The slides were developed in Kodak D-19 developer and stained with Mayer's hematoxylin.
Smooth muscle cell replication rates were determined for the intima and media separately. Labeling was designated as positive if more than five silver grains were observed over the nucleus.
Artery wall DNA content. At 20 hours, 2 days, or 7 days after injury, excised carotid arteries were stripped of adventitia, and 1-cm lengths of vessel were assayed for DNA content. DNA content was determined by using the fluorometric assay of Labarca and Paigen. 14 The method exploits the enhancement by DNA of the fluorescence of bisbenzimidazole (Hoechst 33258). The technique was appropriate for arterial tissue because it gave results identical to those found with a standard assay for DNA that uses a diphenylamine reaction. 15 The advantage of the newer method was its increased sensitivity. At 20 hours, highly significant differences between experimental and control vessels were seen for all three injuries, with a sample size of four animals each. Differences were less well defined at 2 and 7 days, so sample sizes were increased to six animals.
Physiological Function of the Arterial Wall
Acute contractile responses. At 2 and 7 days after injury, four rabbits per group were reanesthetized and both common carotid arteries were exposed by a midcervical incision. Tyrode's solution, warmed to 37°C, was applied topically to one carotid artery. This was followed by topical application of Tyrode's solution, in which 140 mM NaCl was replaced with KC1 to maximally constrict the artery. Contractile responses were monitored with a stereomicroscope with a graduated eyepiece. A strip of black Mylar plastic under the vessel provided contrast and facilitated viewing of the vessel diameter. The high [K + ] solution induced contractions of the carotid artery that approximated maximal stimulation with norepinephrine. Vessels were rewashed with normal Tyrode's solution, and the procedure was repeated. The first trial for each artery produced erratic results, but initial studies indicated that subsequent responses were highly consistent. Therefore, the second response was used to characterize the contractile function of each vessel.
During experiments involving topical application of these agents, arterial pressures were recorded with a Statham P23 ID pressure transducer coupled by a fluid-filled catheter to the femoral artery to ensure that pressure changes were not giving rise to passive alterations in carotid arterial diameter. An a priori decision was made to reject trials in which mean arterial pressure varied by more than 5 mm Hg from its average value. In practice, no changes in blood pressure were observed.
Chronic responses to decreased blood flow. As a further test of the impact of injury and repair on physiological function, we assessed the constriction and remodeling that follow chronic decreases in blood flow in these arteries. To do so, we performed balloon injuries in six rabbits and then immediately ligated the ipsilateral external carotid artery. Previously, we showed that this procedure caused a 70% reduction in ipsilateral common carotid arterial blood flow and an endotheliumdependent constriction that was followed by remodeling that entrenched the diameter reduction. 6 In this study, we wished to assess recovery of this response during repair and reendothelialization of the vessel. We chose to examine this particular physiological response because there is evidence that some endothelium-mediated responses are not restored subsequent to reendothelialization. 16 -19 Permanent loss of the capacity to remodel arteries in response to long-term changes in perfusion demands could have a substantial impact on vascular function.
Statistical Analysis
DNA contents, internal circumferences, and contractile responses of injured arteries were compared with contralateral control vessels by using paired t tests. For the purposes of simplifying graphical presentation only, all control arteries were grouped in these cases. Intimal thicknesses were compared between control and injured arteries and among arteries undergoing different injuries; therefore, a Newman-Keuls test was used to distinguish which groups were significantly different. Medial smooth muscle cell replication rates at day 2 after the three injuries were compared with pooled control (right carotid) arteries by using a Dunnett's test. For replication rates at 6 weeks after injury, a significant population of neointimal cells was present. We compared both intimal and medial cell replication rates with medial cells from control vessels using a Newman-Keuls test. Finally, paired t tests were used to compare diameters of deendothelialized and reendothelialized segments of arteries carrying reduced blood flow rates with diameters of contralateral control arteries. A Bonferroni correction was employed because multiple comparisons were made. Means were judged to be significantly different when p< 0.05.
The Newman-Keuls and Dunnett's tests cited previously were conducted after analysis of variance and indicated significant differences among groups.
Results

Arterial Injury
Both balloon catheter injury and Triton treatment caused complete denudation of endothelium. Denudation was confirmed by intense staining with Evans blue dye and by SEM. By SEM, no endothelium was visible and the luminal surface of the artery appeared to be covered by adherent platelets (Figure 2A) . By 6 weeks, considerable endothelial regrowth had occurred, as indicated by the much less extensive Evans blue staining. Hyperdistended vessels exhibited only faint, focal staining with Evans blue dye 1 hour after injury. At this time, SEM revealed focal endothelial loss that never exceeded one or two cells at a given site ( Figure 2B ). No morphological evidence of endothelial injury was apparent at later times after hyperdistension.
All three procedures caused medial injury, as DNA levels were depressed at 20 hours (Figure 3 ). This time interval just preceded the onset of rapid DNA synthesis after mechanical injury 7 and, therefore, probably represented minimum DNA levels. DNA levels at this time were decreased by 35-40% in ballooned and Tritontreated arteries and by 70% in hyperdistended vessels (Figure 3) . Two days after injury, DNA levels remained suppressed in hyperdistended arteries but were not significantly different from control values in either balloon-injured or Triton-treated arteries. Nonetheless, histological evidence of medial injury was apparent in all groups. In Triton-treated arteries, the innermost regions of the media contained few cells, while hyperdistended arteries frequently showed regions that contained few cells across the entire media (see Figure 4) . It was clear, therefore, that the early return to normal DNA levels in these arteries did not signal restoration of medial integrity and that this restoration awaited further remodeling of medial constituents. Seven days after injury, Triton-treated arteries displayed normal DNA levels and medial histology. The media also appeared normal in ballooned arteries, but DNA levels were twice as high as control levels.
Measurements of contractile function also indicated medial injury followed by repair over a 1-week time period. Both injuries that overstretched the media (ballooning and hyperdistension) significantly increased resting diameter for at least 2 days ( Figure 5 ). This phenomenon was not seen after Triton treatment. Two days after injury, neither ballooned nor hyperdistended arteries constricted in response to 140 mM KC1; thus, arterial diameters remained significantly greater than those of constricted control arteries. At this time, responses of Triton-treated arteries were erratic: two vessels contracted normally, whereas two failed to exhibit any contractile response. An additional vessel not included in the data analysis contracted over part but not all of the injured segment. Seven days after injury, Triton-treated arteries contracted normally, whereas a slight impairment of contractile function persisted in the ballooned vessel ( Figure 5 ). These diameter changes represented active contraction, as arterial pressure did not change during topical application of potassium chloride.
None of the injuries induced chronic vasospasm of the carotid arteries. Thus, the internal circumference of the vessels measured at the level of the internal elastic lamina was not significantly reduced in injured versus contralateral carotid arteries at 1 hour, 48 hours (data not shown), or 6 weeks after injury ( Figure 6 ).
Intimal Thickening
Intimal cells were not observed either in control arteries or in hyperdistended arteries even 6 weeks after injury. We detected intimal proliferation after ballooning and Triton treatment. One week after either injury, a layer of presumptive smooth muscle cells, one to three cells deep, was seen in the intima. Six weeks after injury, neointimal proliferation had advanced to the point where intimal thickness approximated that of the media (Figure 7 ). There was no difference in intimal thickness in ballooned versus Triton-treated arteries at this time (Figure 8 ).
Cell Replication
Smooth muscle cell replication rates during the second day after injury were significantly above controls (0.0936±0.0218%) in all injured arteries ( Figure 9A ), but the percentage of replicating cells was much higher after ballooning (28.7 ±3.4%) than after hyperdistension (2.92±1.00%) or Triton treatment (2.96±1.06%). Although endothelial cell replication rates were not measured, it was obvious from autoradiographs that the endothelium of hyperdistended arteries was exhibiting high turnover at this time ( Figure 4B ). Interestingly, we also noted very high cell-thymidine incorporation in the adventitia of injured arteries (Figure 4) .
Six weeks after all types of injury, medial smooth muscle cell replication was not significantly different from control values ( Figure 9B ). Intimal cell replication in ballooned arteries was relatively low (0.733±0.244%), but it was significantly above levels in control media (0.092±0.027%). As previously reported, 7 there was a strong tendency for labeled cells to reside at the luminal surface of the intima. Figure 10A shows rabbit carotid arteries 3 weeks after balloon denudation of the left common carotid artery and coincident ligation of the ipsilateral external carotid artery. The arteries were distended to in vivo dimensions by infusion of a methyl methacrylate casting compound (Batson's No. 17; Porysciences, Warrington, Pa.) into the vessels at physiological pressures. Reduction of flow in the left carotid artery caused significant narrowing of the denuded segment only in those regions that were reen- dothelialized by outgrowth from the ostia of the thyroid artery ( Figure 10A ). The vessel diameter in the denuded region was approximately 30% below the diameter of the contralateral control artery (1.55±0.12 versus 2.25±0.12 mm), whereas the diameter of the denuded region (2.08 ±0.20 mm) was not significantly different from controls ( Figure 10B ). The degree of narrowing in the reendothelialized segment approximated the narrowing we previously reported in uninjured arteries that underwent external carotid ligation. injury to intimal and medial structures. Obvious intimal injury after hyperdistension involved only focal loss of the endothelium, although a high rate of endothelial cell-thymidine uptake at 24-48 hours suggested that substantial nondenuding injury had occurred. In contrast, both balloon injury and Triton treatment caused complete loss of the endothelium over the injured segments of vessel. Significant but smaller regions of artery remained devoid of endothelium 6 weeks after injury, as indicated by intense Evans blue staining. Complete denudation of the endothelium was consistent with previous studies employing these two techniques. 7 ' 12 * 20 Furthermore, Evans blue staining patterns at various times after injury in this study were consistent with previous descriptions of repair through migration and proliferation of endothelium from the wound margins and the ostia of tributaries of denuded vessels. 21 Thus, blue-stained zones extended over a smaller area 6 weeks after injury, and they were interrupted by white patches around the ostia of thyroid branches where reendothelialization had occurred.
Restoration of Flow-Induced Vascular Remodeling
ical cross sections of arteries from rabbits that received three injections of [ 3 H]thymidine over 24-48 hours after Triton treatment (panel A) or hyperdistending injury (panel B). In panel A, Triton treatment left the intima and innermost media devoid of cells. One replicating medial smooth muscle cell is marked with a large arrow. In panel B, hyperdistension produced focal cell loss that occasionally left regions of the vessel circumference devoid of all medial cells as shown above, although the vessel lumen remained endothelialized. Extensive medial acellularity was always observed after prolonged (2-minute) hyperdistensions. Many replicating endothelial cells could be identified (small arrows). Both types of injuries resulted in numerous replicating adventitial cells at this time (arrowheads
Medial Responses to Injury
Medial injury was clearly evident, as indicated by a 35-40% decrease in DNA content at 20 hours after balloon or Triton injury and a 70% decrease after hyperdistension. These changes are too large to be accounted for by loss of the endothelium, which accounts for about 5% of intimal^nedial DNA in the rabbit carotid artery (B.L. Langille, unpublished data). Medial injury was also observed histologically. With Triton treatment this was detected only in the inner media, but all regions of the media were susceptible in hyperdistended arteries.
Our observation that hyperdistension caused greater cell loss than ballooning was surprising, as care was taken to match the degree of distension with the two injury models. We hypothesized that the duration of distension played an important role because hyperdistension took about 10 seconds to complete during each inflation/deflation cycle, whereas each segment of artery was stretched for much less time during ballooning. Nearly total loss of medial smooth cells after 2 minutes of hyperdistension supported this hypothesis. Failure of even this prolonged distension to produce deendothelialization, despite massive smooth muscle cell death, underscores the robust nature of the endothelium with respect to vessel wall stretch. Smooth muscle cells are attached to the matrix at sites that surround the cell surface, and this may maximize transmission of tensile stresses to these cells so that membrane disruption and cell death result from hyperdistension. 22 The free luminal surface of the endothelium may allow these cells to better accommodate wall stretch.
Loss of contractile function after injury was partly due to cell death, but disruption of extracellular structures and their mechanical coupling to the cells during overstretching may also have been involved. 22 For example, it is likely that increased resting diameter after both hyperdistension and ballooning was due to matrix disruption, as collagen and elastin exert major influences on pressure-radius relations in large arteries. Triton X-100 probably caused less disruption of extracellular tissues than ballooning, but Triton treatment was followed by slower recovery of cell number. Nevertheless, some Triton-treated vessels recovered their capacity to contract within 2 days, and normal contractile responses to maximum stimulation were observed at 7 days. It is probable that a relatively undisrupted extracellular matrix with intact coupling to surviving cells favored recovery after Triton exposure when compared with balloon injury.
Repair of the vessel wall in the first week after balloon injury involved greater smooth muscle cell replication than was observed after Triton injury. At 20 hours after injury, DNA contents were essentially the same for both procedures. However, after 1 week DNA had increased by 3.6-fold after ballooning but only by 2.1-fold after Triton treatment. At this time, arterial DNA contents of ballooned but not Triton-treated arteries were significantly above control levels. The reason for the more modest proliferative response after Triton treatment is unclear. It may have reflected sublethal injury to cells surviving Triton treatment, with inhibition of mitosis accompanying cellular repair. Alternatively, stretching during ballooning may have provided an independent growth stimulus. Stretch causes cell replication in some cell types. 23 - 24 Finally, it is possible that a different population of medial smooth muscle cells survived the two injuries and that their responses to postinjury growth stimuli were different.
Repopulation of the media by 1 week after injury was attributed to proliferation of surviving medial cells, although the relatively low replication rates at day 2 after ballooning and Triton injuries, if they persisted, could not account for the observed DNA accumulation. The most probable explanation is that a large proliferative response is slightly delayed after these injuries, perhaps by sublethal injury to surviving cells. Alternatively, the injuries we employed elicited high thymidine uptake in the adventitia; therefore, it is possible that some of these adventitial cells invaded the media and differentiated into smooth muscle cells. Clowes et al 25 presented evidence for such a mechanism during cellular invasion of implanted porous porytetrafluoroethylene bypass grafts. A third possibility is that part of the recovery of DNA by 1 week was due to leukocyte invasion, although we saw no evidence that this contributed significantly. Also, these cells could not account for the recovery of contractile function.
Neither balloon injury nor Triton treatment caused the persistent (4-8-week) constrictor response that follows ballooning of the rat carotid artery. 26 Because the methods for assessing constriction were the same in the two studies, a species difference is indicated. Both rabbits and rats were injured with 2F Fogarty embolectomy catheters, and it is possible that different levels of injury were created in the two species, as rat carotid artery diameters are less than half those of the rabbit. This hypothesis was supported by observations that ballooned rabbit arteries recovered normal DNA levels after 48 hours, whereas a 25% cell loss persisted in rats. 26 Species differences may also involve different influences of injury on vasomotor controls afforded by platelets or altered autocrine/paracrine control derived from local vessel wall cells. 27 
The Deendothelialized Artery
Deendothelialization is commonly used to assess the effects of endothelial releasates on vasomotor tone both in vivo 28 and in vitro, 1 and medial injury caused by the denudation techniques employed in these studies may complicate the results. It is clear from our study that ballooning or Triton-induced deendothelialization precludes assessment of contractile function in the immediate postinjury phase, at least in the rabbit carotid artery. Relatively rapid medial repair (2-7 days) indicates that these injury models, especially Triton-treatment, are more appropriate when longer-term responses are to be assessed. 12 Short-term studies also may be feasible if the vessels are preinjured a week before experiments are performed. Complete (Triton injury) or nearly complete (ballooning) recovery of contractile function plus minimal neointimal thickening suggest that functional responses should be characteristic of a relatively normal media at this time. We observed that vessel recovery was sufficient within the first 3 weeks to restore flow-induced diameter changes in reendothelialized segments, a response that involves both contractile and structural responses of smooth muscle. These findings also indicate 
Medial Cell
Replication
Neointimal Proliferation
Hyperdistension alone did not induce neointimal proliferation even 6 weeks after injury, despite evidence that initial medial damage as indicated by DNA loss exceeded that of the other injury models, instead, only injuries that involved endothelial denudation induced this response. Other investigators have found that endothelial denudation alone produced no neointimal formation, at least within 1 week, a time sufficient to have clearly detected neointimal cells after balloon injury. 8 Taken together, these findings suggest that medial damage is either a prerequisite for denudationinduced intimal proliferation or that it much enhances the rate at which such proliferation occurs. The latter interpretation is favored because previous work by Reidy and Silver 8 and Lindner et al 29 indicates that denudation with minimal medial damage prevents early 8 but not late 29 intimal thickening. Denudation probably stimulates intimal proliferation through loss of inhibitory signals from the endothelium and the release of chemotactic mitogens like plateletderived growth factor from adherent platelets and possibly from leukocytes. 30 Medial trauma may enhance this response through autocrine release of fibroblast growth factor 31 or other growth factors from traumatized cells. When cells that have migrated to the intima after injury are grown in tissue culture, they release platelet-derived growth factor-like molecules, 32 but it is not known whether cells in the media of injured arteries also do so. It is improbable that medial release would contribute to directed migration, but mitogenic and chemokinetic responses could result. If these are superimposed on chemotaxis stimulated from the luminal surface, then an enhanced stimulus for intimal proliferation may result. A second possibility is that matrix disruption produced by medial injury has a permissive effect on migration of smooth muscle cells to the intima.
Our observation that intimal smooth muscle cells exhibit chronically elevated turnover after ballooning and that replicating cells are normally found at the luminal surface of the intima confirms previous reports. survived and migrated to the intima after the two types of injury and that these cells exhibited either different intrinsic turnover rates or different responses to mitogenic factor(s).
We examined the long-term responses to injury at 6 weeks because previous studies suggested that steady state is achieved in this time. Thus, Clowes et al 26 found no increase in intimal mass between 4 and 12 weeks after ballooning of the rat carotid artery. It is striking that we found equal intimal thickening 6 weeks after ballooning and Triton treatment despite differences in both early and long-term smooth muscle cell replication rates. These findings indicate that chronic intimal thickening is not uniquely determined by factors that control mitosis rates after injury. Instead, it appears that some other factor halts neointimal thickening. One possibility is that changes in wall tension ultimately inhibit further intimal growth. Intimal thickening at 6 weeks is enough to halve the normal tension imposed on wall elements, assuming that the elastic properties of the neointima match those of the media. Given the putative role of wall tension in stimulating both developmental and pathological medial growth, 33 this decrease in tension may ultimately offset the effects of other growth stimuli that have resulted from the injury.
In summary, it appears that extensive injury to medial structures can be rapidly repaired, with a restoration of relatively normal structure and function within 2-7 days. It does not appear that such medial trauma in the absence of endothelial denudation can drive intimal proliferative responses, even when this trauma is severe. However, medial injury probably modulates the proliferative responses to denudation, as cell proliferation depended on the nature of the denuding injury that was employed. The observation that intimal thickening did not depend on short-or long-term cell proliferation rates suggests that external controls, perhaps related to wall tension, ultimately limit intimal growth.
